ABSTRACT Interference suppression and information extraction in pseudorandom code phase modulated pulse Doppler detection system is a practical and challenging problem. In order to extract useful range and velocity in the presence of single-channel multi-component periodic interferences, this paper presents an interference suppression method based on eigenvector analysis and independent component analysis (ICA) by leveraging the characteristic of generalized periodicity of received signal. Using the generalized period of the transmitted signal, we divide the observed received signal into different segments and derive the sample covariance matrix. By computing the eigenvalue decomposition of the sample covariance matrix, we obtain all the eigenvectors and find the corresponding eigenvector with the maximum eigenvalue, which is the sum of the basic waveform components with the same generalized period. Then multi-dimensional matrix can be structured by changing the length of observed signal. The multi-dimensional matrix is used to accomplish ICA so as to separate all the components. Finally, the useful echo signal can be reconstructed; the range and velocity information can be obtained. Simulation results show that the proposed method is effective to excise multi-component periodic interferences and obtain the range and velocity information accurately at high signal to interference ratio (SIR). At low SIR, recursive separation is required. Compared with the existing methods, the proposed method has better performance.
I. INTRODUCTION
Pseudo-random code phase modulated pulse Doppler (PRCPM-PD) detection system using pulse code modulation waveform is widely applied in fuse, radar, communication and so on [1] - [4] . Such systems have several attractive properties, including good range-measuring characteristic, velocity-measuring characteristic, and inherent antiinterference ability [1] - [5] .
In modern electronic warfare scenarios, detection systems often suffer interference threats from the electronic countermeasures (ECM), which may degrade the systems performance significantly [6] . As such, interference suppression has enjoyed extensive research in fields such as communication, radar, and fuse. Up till now, numerous interference suppression techniques have been proposed in order to enhance receiver s performance in jamming environments [7] - [29] . Time-frequency (TF) based methods are effective in suppressing broadband interferences characterized by narrow instantaneous band-widths. Methods based on linear TF representations can filter the useful signal in the transform domain. Proposed linear TF methods include the short-time Fourier transform (STFT) [8] , [9] , the KarhunenLoève transform [10] , the local polynomial Fourier transform (LPFT) [13] , [14] , the wavelet transform [16] , [17] and the fractional order Fourier transform [25] - [27] . Subspace projection is also proposed to excise the interference when the instance frequency (IF) of interference is estimated [28] , [29] . Most of the above proposals are more effective for mono-component interference, however, less so for multi-component interferences. In this paper, we focus on single-channel multi-component interferences. And it is common for detection systems to face more than one interference in many complex radio environments in practice. There are several significant challenges in dealing with singlechannel multi-component interferences [27] . Firstly, multicomponent interferences usually overlap with useful signals in time, frequency and time-frequency domains. Secondly, multi-component interferences themselves can cause cross terms of TF distribution. Thirdly, because there is only one reception channel, ill-posed problem does exist. Finally, there is no priori knowledge of multi-component interferences, making it difficult to model them. As a result, it is often challenging for the single receiver to suppress multi-component interferences and obtain useful information.
There have been many works in suppressing monocomponent signals [7] - [23] , however, not so many contributions for multi-component interferences suppression. Among existing methods dealing with multi-component interferences, FRFT method was used to suppress multi-component linear frequency modulated (LFM) interferences in direct sequence spread spectrum (DSSS) communication and radar systems [25] - [27] . In another effort, Amin et al. have attempted to accomplish multi-component interferences suppression using subspace projection with the premise of IF known [28] , [29] . However, this method is limited in that for multi-component interferences, the cross terms of TF distribution affect the instantaneous frequency estimation accuracy, which will ultimately impact interference suppression efficacy. A parametric method is proposed in [20] which uses the product high-order ambiguity function (PHAF) to suppress multi-component interferences. We have comparative benchmarks on this method in our empirical results later.
Our work here intends to solve an important problem in PRCPM-PD detection system, which is how to remove multi-component interferences and extract useful information (i.e., useful echo signal) of the target. Thus, the ideal method would be to separate the useful signal and multi-component interferences from the single-channel received data, and then to obtain more accurate target information. This is known as single-channel source separation [30] - [41] , which is a challenging problem in signal processing research. The difficulty mainly comes from the ill-posed problem formulation, which is generally very difficult to solve [41] . Most researchers have to resort to prior knowledge of sources to achieve the separation [30] - [41] . As a result, the efficacy of such methods depends heavily on prior knowledge and domain expertise of experts, which may not necessarily be available for unknown and complex interference sources. In this work, there is no assumption on prior knowledge of interferences.
In most cases, the radar or fuse s received signal including echo signal and interferences are generalized periodic signals with phase difference among periods. So generalized periodic signals are not equivalent to ordinary periodic signal with no phase difference among periods. For ordinary periodic signal, singular value decomposition (SVD) has been used to extract electrocardiogram (ECG) periodic signal [38] . Other proposals have also combined the periodic characteristic and algebraic techniques to accomplish single-channel multicomponent signal separation [39] , [40] . In general, the aforementioned methods require that each cycle of the periodic signal has no phase difference, which is not the case in the focused scenario of this paper, where the received signal including echo signal and multi-component interferences are generalized periodic signals with phase difference among periods. The prior methods are thus not directly applicable to our use case. Specific to generalized periodic signals, SVD has also been proposed to separate different generalized periodic components [41] . However, this method assume that every component must have different general periods, which is not the case in our scenario where some components may have same general period (thus a violation of their assumption).
In this work, we propose a new method to suppress multicomponent interferences by taking advantage of the characteristic of generalized periodicity of the received signal. Our method is applicable for all generalized periodic multicomponent interferences including FM interference. It works by combining eigenvector analysis and independent component analysis (ICA) [42] - [44] to separate useful echo signal from multi-component interferences. To the best of our knowledge, our work is the first to apply and hybrid these techniques for this task. Using our approach, the (useful) target information such as velocity and range is extracted and multi-component interferences are suppressed. We have evaluated our proposed method using simulation and empirical results prove very competitive. For instance, even when the SIR is equal to −20dB, the useful echo signal can be recovered perfectly. The similarity is bigger than 0.96, and the mean relative values of time delay and Doppler frequency are smaller than 0.03. This paper is organized as follows. Section II describes the signal model and the definition of generalized periodicity. Section III presents our method based on eigenvector analysis and ICA to separate the useful signal from multi-component interferences and obtain useful target information. In Section IV, we simulate studies to validate our proposed method. Finally, the conclusions are given in Section V.
A. NOTATION
We adopt the notation of using boldface for vectors a (lowercase), and matrices A (upper case). The transpose and the conjugate transpose operators are denoted by the symbols (·) T and (·) H respectively. The Euclidean norm of the vector x is denoted by x . I and O denote respectively the identity matrix and the matrix with zero entries (their size is determined from the context). The conjugate operator are denoted by the symbol (·) * . The letter j represents the imaginary unit (j = √ −1). For any complex number x, |x| represents the module of x. VOLUME 5, 2017 
II. THE SIGNAL MODEL AND THE DEFINITION OF GENERALIZED PERIODICITY
In the following two subsections, we concentrate on two important aspects: formal definitions for our signal model (Section A), and generalized periodicity (Section B).
A. MODEL OF THE SIGNAL RECEIVED
Based on [1] , the transmitted signal of PRCPM-PD detection system can be expressed as
where A is the envelope, f 0 is the carrier frequency, ϕ 0 is the initial phase, U (t) is the pseudo random coded pulse series and it is defined as
Here, rect(
T m is repetition period of sub-pulse, T m is the signal period and T Q is equal to QT m , Q is the number of pseudo code elements,C Q = {+1, −1} and the value of C Q is decided by pseudo-random code sequence. The echo signal reflected by the target can be expressed as
where Ar(t) is the envelope of pr(t).τ is equal to 2R/c, R is the range between the target and detection system, c is the speed of light fd is the Doppler frequency. The detection system can be affected by multiple interferences. To take into account of this fact, the received signal of the detection system using one receiver becomes:
where v(t) is the Gauss White noise with zero mean and variance σ 2 v , j k (t) is thek-th interference, and the number of interferences is M -1. Since the detection system has only one receiver, here x(t) is actually a single-channel multicomponent signal and it can be rewritten as:
where M is the number of sources, s i (t) denotes each source signal, s 1 (t) = p r (t), s i (t), i = 2 ∼ M is interferences imposed on the detection system, a i represents the amplitude of each resource signal, and x(t) is the observed mixed signal.
With the sampling interval being T s , the discrete form of signal x(t) can be expressed as:
B. GENERALIZED PERIODIC SIGNAL ANALYSIS
In this work, we will use the characteristic of generalized periodicity of received signal to perform eigenvector analysis and ICA. A generalized periodic signal is described by:
where N T is the generalized period; h[n] is the basic waveform of the signal with unit amplitude; λ lN T is the scale factor, which is a complex number in relation to the value of l; Specific to our work, for ordinary fuse or radar signal,takes value as λ lN T = λ lN T · e jϕ lN T , and λ lN T = 1 in general. For random numbers l 1 and l 2 , we have that:
Equation (8) suggests that the waveforms of two N T periods are different by a scale factor of (3) is just the useful signal and we can rewrite (3) as
where ϕ τ = ϕ 0 − 2π (f 0 + f d ) τ , and the reflected pseudo random coded pulse series U τ (t) is represented as
According to (7) and (8), the generalized period of pr(t) is Tm, and
The useful signal is generalized periodic and we point out that in our work here, multi-component interferences is also generalized periodic and satisfies (7).
III. SIGNAL SEPARATION AND INFORMATION ACQUIRING ANALYSIS
In this section, we will provide the details of our proposed method for suppressing multi-component generalized periodic interferences in the PRCPM-PD detection system.
A. USING EIGENVECTOR ANALYSIS TO STRUCTURE MULTI-DIMENSIONAL MATRIX
When judging by the generalized period, the multicomponent signal received fall into either of the following two cases:
(i) The generalized periods of each component signal are different.
(ii) The generalized periods of some components are equal.
For the first case, prior work [41] has used SVD method to separate all the components. However, the same method is not directly applicable to Case(ii) since the generalized periods of some components are the same. As a result, here we will focus on tackling the challenges presented by Case (ii). To satisfy Case(ii), we assume that the generalized periods of b-1 interference signals are equal to T m (b ≤ M ). So among the multi-component signals in (5), the s 1 (t), s 2 (t), . . . , s b (t) have the same generalized period. For the i-th component (i = 1, 2, . . . , b), we divide the i-th component into L (the value of L is controllable) segments, where each segment has N T points and the l-th segment can be represented as follows:
where
. . , b, according to (7), we have
Similarly, we also divide the observation signal in (6) into L segments, where each segment has N T points and the l-th segment can be represented as follows:
where v lN T [n] is the l-th segment noise. Let
∧ R L can be derived and approximated (when L is sufficiently large) as follows (see Appendix ):
Now we can compute the EVD of the above covariance matrix expressed as (41) . Assume that the eigenvector associated with the basic waveform of each component is
is a complex number related to the amplitude vector
the number of segments L and the generalized period N T .
Where h w 2 = N T . For the i-th component, the basic waveform vector is h i . And its coefficient is
a i a w q w r i,w,LN T . For any of the k-th and t-th components, in order to make (16) valid, we have:
Namely,
T , which is decided by b, a, L, and N T . It is easy to see that: 
According to (21) , there exists at least one root d (c) which satisfies
where Re(·) is the real part. And,
For d (1) , d (2) , · · · , d (b) , we assume the following (
(ii) A vector g which is orthogonal to
The eigenvalue of the covariance matrix is σ 2 .
From (23) and (24), we can see that there exists
σ 2 . so compute the EVD of the covariance matrix ∧ R L and get all the eigenvectors. The eigenvector with the
, the multidimensional matrix can be structured as (26) , as shown at the top of the next page. 
As λ k,lN T = λ k,lN T ·e jϕ k,lN T = e jϕ k,lN T , so (27) can be written asĥ
The phase can be estimated as:
where ph(·) means obtaining the phase. The amplitude can be estimated as: 
We know that the correlation function of the useful echo signal with the transmitted signal has the maximum value. Then the orderk of the recovered useful echo signal can be derived byk
The recovered echo signalp r [n] is obtained aŝ
The time delay of echo signal is estimated by:
whereτ is the estimated time delay. Because we know the carrier frequency of the transmitted signal, so multiply the recovered signalp r [n] with the conjugate of transmitted signal to obtain:
where ϕ r is a random phase. The frequency f ε can be estimated according to the following equation:
FFT is fast Fourier transform. The purpose of square processing is to eliminate the impact of the pseudo-random code phase modulation. Then, let f ∈ [− f /2, f /2],where f is the discrete frequency interval of FFT. The frequency is estimated as
The Doppler frequency is estimated aŝ
C. OUR ALGORITHM AND DETAILED STEPS
To summarize, below we provide an integrative view or work flow of our proposed method, by showing how the above equations are leveraged. We divide our algorithm into several steps.
Step 1: To derive sample covariance matrices. Suppose N T is the generalized period of the received useful signal. Note (14) and (41), we can compute all the
Step 2: To find eigenvectors with maximum eigenvalues.
get all the eigenvectors of each covariance matrix. Among all the eigenvectors of each covariance, find the eigenvectors
. . , h L M b with the maximum eigenvalues.
Step 3:
Step 4: Perform ICA of multi-dimensional matrix D to get the basic waveforms h k , (k =1,2,. . . b), where b is the number of signals with the same generalized period N T . According to (28) to (31) , get the recovered signal componentsŝ i (n), i =1,2,. . . b.
Step 5: Compute the correlation function of each recovered signal componentŝ i (n) with the transmitted signal, find the recovered signalŝk (n) with the maximum correlation function. The recovered useful signal p r (n) is just equal toŝk (n).
Step 6: According to (34) and (35), derive the time delay information. According to (37) to (40) , derive the Doppler frequency information. VOLUME 5, 2017 
IV. SIMULATION ANALYSIS
In this section, we perform detailed simulations to evaluate our method for multi-component interferences suppression. In particular, the parameters of PRCPM-PD detection system are as follows: the sub-pulse repetition period Tm is 4.883µs. The sub-pulse width is 2µs; the number of pseudo code elements is 15. The carrier frequency is 5GHz; the initial phase is 2π /5. The range between the target and the detection system is 205 meters; So the time delay is 1.367µs; the relative velocity is 300m/s, so the Doppler frequency is 5kHz.
As mentioned earlier, in our work, we consider situations where the detection system is interfered by single multicomponent periodic interferences. In particular, we assume one component is sinusoidal frequency modulated (SFM) interference and the other component is LFM interference. For the SFM interference, the modulation cycle is 2.5µs, the modulation index is 7.5, The initial phase is 5π /6. For the LFM interference, the frequency modulation cycle is 4.883µs, modulation rate is 0.64GHz/s, and initial phase is π /4. The received signal is down converted to low frequency signal. The frequency of useful signal is 8.8MHz, the center frequency of SFM interference is 8.5MHz, the center frequency of LFM interference is 7MHz. Let the sampling frequency be 51.2MHz, then the generalized period of useful signal is 250. The generalized period of LFM and SFM is 250 and 128. In below, we show in Fig. 1 that the time-frequency distribution of the useful signal and the interferences when SIR is 5dB. Fig. 1(a) shows the time-frequency distribution(TFD) of SFM interference component. Fig. 1(b) shows the TFD of PRCPM-PD signal which is just the useful signal. Fig. 1(c) is the time-frequency distribution of LFM interference component. Fig. 2 gives the received signal in time domain, frequency domain and time-frequency domain. From  Fig. 2 , we can see that the interference signal are overlapped with the useful signal in all domains.
First, we let N T = 250. By changing the value of
Their waveforms and time-frequency distributions are shown in Fig. 3 . Obviously, we can see from Fig. 3 that the SFM interference component whose generalized period is not 250 has been removed. According to ICA, we can get the basic waveforms. The phase can be obtained by (28) . Fig . 4 gives the waveforms of sources (red) and separated signal(black) after ICA in one generalized period. Fig. 4(a) gives one component source(red) and the separated component signal (black). Fig. 4(c) gives the TFD of the separated signal in Fig. 4(a) . Compared with Fig. 1(c) , this component is obviously the LFM interference. Fig. 4(b) gives the other source component (red) and the separated component signal (black). Fig. 4(d) gives the TFD of the separated signal in Fig. 4(b) . According to Fig. 1(b) , we know that the signal in Fig. 4(b) is just the useful signal we need to obtain.
FIGURE 5.
The analysis results of recovered useful signal in Fig. 4(b) . (a) The correlation result of recovered useful signal with the transmitted signal; (b) The signal of (37); (c) Frequency estimation in (38) . Fig. 5 gives the analysis results of the recovered PRBCPM-PD signal. Fig. 5(a) shows the correlation result of the recovered signal in Fig. 4(b) with the transmitted signal. From Fig. 5(a) , we can get the delay point as 70,which indicates that the time delay is 1.3672µs. The waveform in (35) is shown in Fig. 5(b) . We can see that the envelope is just the Doppler signal. Fig. 5(c) shows the rough frequency estimation in (38) and the estimated frequency is 10.19kHz. Using (39) and (40), we can accurately estimate the Doppler frequency which is 5.06kHz. The mean similarity of the recovered PRCPM-PD signal and the original useful signal, the mean relative errors of time delay and Doppler frequency at different SIR by the above method are shown in Fig. 6 . We can see that there is an obvious inflection point at SIR≈0dB. When the power of useful signal is greater than that of multi-component interferences signal (SIR≥0dB), the useful signal is recovered perfectly, the mean similarity is larger than 0.95, the mean relative errors of time delay and Doppler frequency are both smaller than 0.02. When the SIR is greater than −5dB, the recovered useful signal can meet the basic requirement (the mean similarity is greater than 0.7) and the mean relative errors of time delay and Doppler frequency are both smaller than 0.1. However, when the SIR is less than -5dB, the useful signal is recovered poorly and the relative errors of time delay and Doppler frequency are large.
So when the power of multi-component interferences is strong, it is not likely to recover the useful signal by one-time separation. In this case, the recursive separation is adopted to recover the useful signal. The interference component with the maximum power is first recovered and then subtracted from the received signal. Repeat this step until the useful signal we need is recovered. Fig. 7 shows the separation times at different SIR. We can see that even when the SIR is less than -20dB, the useful signal can be recovered perfectly with no more than 10 times separation. 8 shows the estimation results using recursive separation approach at low SIR with recursive separation. We can see from Fig. 8(a) that the useful signal is recovered perfectly even at low SIR. For instance, when the SIR is equal to −20dB, the similarity of the recovered signal of the original signal is greater than 0.96. From Fig. 8(b) and Fig. 8(c) we can see that the time delay and Doppler frequency estimation accuracy are greatly improved. Even when the SIR is equal to -20dB, the mean relative errors of time delay and Doppler frequency is smaller than 0.03. Here, to demonstrate the improvement of our method, we compare our proposed method with several other popular methods for multi-component interferences excision [20] , [25] - [29] . In particular, the FRFT method can excise LFM VOLUME 5, 2017 interference effectively [25] - [27] . In our work here, however, we focus on not only LFM interference but also some other interference like SFM interference which are not supported by the FRFT method. Empirically, we present results of performing FRFT method on SFM interference. As can be seen from Fig. 9 , after FRFT, the energy of SFM interference does not concentrate in fractional domain like LFM signal, however, the energy is dispersed in all fractional domain. As a result, it is impossible to excise the SFM interference via FRFT. Another popular method based on subspace projection [28] , [29] is limited in that for multi-component interferences, the cross terms of TF distribution affect the instantaneous frequency estimation accuracy, which will ultimately impact interference suppression efficacy. We thus did not include this method for comparison.
In addition, we also compare our method with PHAF method [20] . Fig. 10 gives the mean relative errors of our proposed method and PHAF method. We can see from Fig. 10 that our proposed method can get smaller mean relative errors of time delay and Doppler frequency. That is to say, our method can get more accurate target information in the presence of multi-component interferences.
V. DISCUSSION AND CONCLUSION
Suppression of multi-component interferences from PRCPM-PD detection system is of practical relevance but challenging. The difficulty comes from the fact that multicomponent interferences are overlapped in time, frequency and time-frequency domains with the useful signal, there is only one receiver, and no priori knowledge of multicomponent interferences. In this work, we proposed a new method combining eigenvector analysis and ICA techniques to obtain useful signal and suppress multi-component generalized periodic interferences. We constructed multidimensional matrix with only single channel observation data without prior interference information by leveraging the characteristic of generalized periodicity of received signal, utilized ICA method to eliminate the multi-component interferences and then extracted the useful information. The above simulation results and analysis have shown that when the SIR is greater than 0dB, the useful signal can be recovered perfectly with only one-time separation. The similarity is larger than 0.95, the mean relative errors of time delay and Doppler frequency are smaller than 0.02. And when SIR is less than −5dB, recursive separation is required to recover the useful signal and estimate the Doppler frequency and time delay information accurately. Simulation results have shown that with no more than 10 separation times, the useful signal can be separated from the multi-component interferences and the target parameters are estimated accurately. Compared with other methods, our proposed method has better performance.
APPENDIX

Proof on Eq.(41).
Because the multi-component signals are uncorrelated with noise and multi-component signals with different generalized periods are independent of each other. When L is large enough, we have 
